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FIG. 1 


(57) Abstract: An aircraft includes a fuselage and a wing extending from each lateral side of the fuselage. A nacelle is pivotably se - 
cured to each wing. The nacelle has a rotor located thereat, with the rotor having a rotor tip path plane defined by rotation of the ro - 
tor about a rotor axis of rotation. When the rotor tip path plane is changed relative to the wing, the nacelle pivots relative to the wing 
about a nacelle hinge axis to reduce flapping required by the rotor. A method of operating an aircraft includes changing a rotor tip 
path plane orientation relative to a wing of the aircraft. The rotor disposed at a nacelle, with the nacelle pivotably secured to the 
wing. The nacelle is pivoted relative to the wing to reduce an overall tip path plane change requirement of the rotor. 
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COMPLIANT ENGINE NACELLE FOR AIRCRAFT 


BACKGROUND 

[0001] The subject matter disclosed herein relates to vertical takeoff or landing 
(VTOL) aircraft, such as tilt wing aircraft or Rotor Blown Wing (RBW) aircraft. More 
specifically, the present disclosure relates to VTOL aircraft having cyclic rotor control. 

[0002] VTOL aircraft are rotor-driven aircraft capable of transitioning between 
conventional wing-borne flight, also referred to as airplane mode, and rotor borne flight, also 
referred to as helicopter mode. In some configurations, the VTOL aircraft is a tilt wing 
aircraft, in which the wings and rotors mounted at the wings are rotatable relative to the 
fuselage. In other configurations, the VTOL aircraft is a tail-sitter aircraft, in which the 
fuselage, wings and rotors all rotate together to transition between airplane mode and 
helicopter mode. Such aircraft have increased flexibility over many other aircraft in that they 
are capable of vertical takeoff and/or landing and have increased maneuverability due to their 


ability to operate in both airplane mode and helicopter mode. 


BRIEF SUMMARY 

[0003] In one embodiment, an aircraft includes a fuselage and a wing extending from 
each lateral side of the fuselage. A nacelle is pivotably secured to each wing. The nacelle has 
a rotor located thereat, with the rotor having a rotor tip path plane defined by rotation of the 
rotor about a rotor axis of rotation. When the rotor tip path plane is changed relative to the 
rotor axis of rotation, the nacelle pivots relative to the wing about a nacelle hinge axis to 
reduce flapping required by the rotor. 

[0004] Additionally or alternatively, in this or other embodiments the nacelle pivots 
in the desired direction to rotor tip path plane change. 

[0005] Additionally or alternatively, in this or other embodiments a first rotor tip path 
plane of a first rotor is changed in a first direction and a second rotor tip path plane of a 
second rotor is changed in a second direction. 

[0006] Additionally or alternatively, in this or other embodiments a first nacelle 
pivots in an opposite direction to a second nacelle. 

[0007] Additionally or alternatively, in this or other embodiments the pivot angle is 


limited to between about 3-7 degrees. 
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[0008] Additionally or alternatively, in this or other embodiments a first rotor tip path 
plane of a first rotor is changed in a first direction and a second rotor tip path plane of a 
second rotor is changed in a similar direction. 

[0009] Additionally or alternatively, in this or other embodiments a first nacelle 
pivots in a similar direction to a second nacelle. 

[0010] Additionally or alternatively, in this or other embodiments a damper is 
operably connected to the wing and to the nacelle to limit a pivot angle of the nacelle relative 
to the wing. 

[0011] Additionally or alternatively, in this or other embodiments each wing is 
rotatable relative to the fuselage. 

[0012] Additionally or alternatively, in this or other embodiments each wing is 
rotatably fixed relative to the fuselage. 

[0013] In another embodiment, a method of operating an aircraft includes changing a 
rotor tip path plane orientation relative to an axis of rotation of the rotor. The rotor disposed 
at a nacelle, with the nacelle pivotably secured to a wing of the aircraft. The nacelle is 
pivoted relative to the wing to reduce an overall tip path plane change requirement of the 
rotor. 

[0014] Additionally or alternatively, in this or other embodiments a first rotor tip path 
plane of a first engine is changed in a first direction, and a second rotor tip path plane of a 
second engine is changed in a second direction. 

[0015] Additionally or alternatively, in this or other embodiments a first nacelle is 
pivoted in an opposite direction to a second nacelle. 

[0016] Additionally or alternatively, in this or other embodiments a first nacelle is 
pivoted in a similar direction to a second nacelle. 

[0017] Additionally or alternatively, in this or other embodiments a pivot angle of the 
nacelle relative to the wing is limited. 

[0018] These and other advantages and features will become more apparent from the 


following description taken in conjunction with the drawings. 


BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The subject matter, which is regarded as the invention, is particularly pointed 
out and distinctly claimed in the claims at the conclusion of the specification. The foregoing 
and other features, and advantages of the invention are apparent from the following detailed 


description taken in conjunction with the accompanying drawings in which: 
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[0020] FIG. 1 is a side view of an embodiment of a tilt wing aircraft; 

[0021] FIG. 2 is a view looking aft of an embodiment of a tilt wing aircraft in airplane 
mode; 

[0022] FIG. 3 is a plan view of an embodiment of a tilt wing aircraft in helicopter 
mode; 

[0023] FIG. 4 is a first side view of an embodiment of a tilt wing aircraft in helicopter 
mode; 

[0024] FIG. 5 is a second side view of an embodiment of a tilt wing aircraft in 
helicopter mode; 

[0025] FIG. 6 is a plan view of an embodiment of a nacelle attachment to a wing; and 

[0026] FIG. 7 is a side view of an embodiment of a nacelle attachment to a wing. 

[0027] The detailed description explains embodiments of the invention, together with 


advantages and features, by way of example with reference to the drawings. 


DETAILED DESCRIPTION OF THE INVENTION 

[0028] Shown in FIGs. 1 and 2 is an embodiment of a tilt wing aircraft 10. The 
aircraft 10 includes a fuselage 12 with a wing 14 extending from each lateral side of the 
fuselage 12. Each wing 14 includes and engine 16 affixed thereto, contained in a nacelle 18. 
The engine 16 drives rotation of a rotor 20 to provide thrust and, in hover mode, lift for the 
aircraft 10. While the figures and description herein refer to an aircraft 10 having two engines 
16, one skilled in the art will appreciate that the invention may also be applied to aircraft 
having other numbers of engines, for example, four engines with two at each wing. Further, 
while the disclosure is provided herein in the context of a tilt-wing aircraft, it is to be 
appreciated that aspects can readily be applied to other aircraft configurations such as rotor 
blown wing (RBW) aircraft or tail-sitter aircraft. As will be referenced throughout this 
disclosure, the aircraft 10 has a roll axis 22 extending longitudinally along the aircraft 10, a 
pitch axis 24 extending laterally across the aircraft 10 through the wings 14 and perpendicular 
to the roll axis 22, and a yaw axis 26 extending through an intersection of the pitch axis 24 
and the roll axis 22, and perpendicular to both the pitch axis 24 and the roll axis 22. 

[0029] The wings 14 are configured to rotate relative to the fuselage 12. In some 
embodiments the rotation is about the pitch axis 24. The wings 14 rotate to transition the 
aircraft from conventional airplane mode, shown in FIGs. 1 and 2, to hover mode, shown in 
FIG. 3 and from hover mode to airplane mode. In airplane mode, a rotor axis of rotation 28 is 


substantially parallel to the roll axis 22 during normal forward flight while in hover mode the 
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rotor axis of rotation 28 is substantially parallel to the yaw axis 26. While a tilt wing 
configuration, in which the wings 14 rotate relative to the fuselage 12, is described herein, in 
other embodiments the aircraft 10 is a tail-sitter configuration, in which the wings 14 and the 
fuselage 12 rotate together about the pitch axis 24 between to transition between airplane 
mode and hover mode. When executing certain operational maneuvers, such as rotating the 
aircraft about a yaw axis in helicopter mode, or rotating the aircraft about a roll axis in 
airplane mode, rotor cyclic pitch control is utilized to execute the maneuver. Rotor cyclic 
pitch control tilts a rotor plane of rotation, or tip path plane (TPP), changing the angle of 
attack of the rotor. This change of rotor TPP can often result in rotor blade pitch change or 
“flapping”, due to a dissymmetry of lift on the rotor. 
[0030] A typical tilt wing aircraft has two rotors, one located at each wing. To execute a yaw 
maneuver in hover mode, cyclic pitch of a first rotor is changed in a first direction, while 
cyclic pitch of a second rotor is changed in a second direction opposite the first direction. 
Similarly opposite cyclic pitch changes are made in airplane mode to execute a roll 
maneuver. The wing of the tilt wing aircraft is typically configured to be torsionally stiff, to 
resist rotor forces acting on it. During maneuvers such as those described above, the cyclic 
pitch change of the rotor results in a force which tilts the nacelle in a direction creating a 
component of the rotor thrust force in the desired direction. The motion of the nacelle offers 
reduced flapping required by the rotor (i.e., pitch change of rotor blades) thereby reducing 
dissymmetry of lift. 

[0031] Referring again to FIG. 3, in normal hover flight a rotor tip path plane (TPP) 
30, defined by rotation of the rotor 20 about the rotor axis of rotation 28 is substantially 
horizontal. To perform some maneuvers during operation of the aircraft 10, for example, 
rotation of the aircraft 10 about the yaw axis 26, cyclic pitch change is applied to each of the 
rotors 20 by a flight control system (not shown) based on pilot input. The cyclic pitch change 
has the effect of tilting the rotor TPP 30 in a selected direction to a selected angle relative to 
the wing. To yaw the aircraft 10 (view looking down on the aircraft 10 as in FIG. 3), a left 
side rotor TPP 30a is tilted to a first angle 32a, for example pitched downwardly (shown in 
FIG. 4), while a right side rotor TPP 30b is tilted to a second angle 32b (shown in FIG. 5) 
opposite to the first angle, for example, pitched upwardly. The result of this change in rotor 
TPPs 30a, 30b is that the aircraft 10 will yaw in a clockwise direction. To execute a yaw 
maneuver in the counterclockwise direction, the rotor TPP 30a and 30b changes are reversed. 

[0032] Referring again to FIG. 4, changing the rotor TPP 30a results in a change to 
the direction of a rotor wake 34, which is perpendicular to the rotor TPP 30a. To provide the 
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TPP change, the nacelle 18 attachment to the wing 14 is complaint, allowing the nacelle 18 to 
rotate relative to the wing 14. Rotation of the nacelle 18 relative to the wing 14 provides a 
thrust component in the desired direction. This reduces the flapping requirement of the rotor 
system. 

[0033] Similarly, referring now to FIG. 1, in normal airplane flight mode, the rotor tip 
path plane (TPP) 30 is substantially vertical. To roll the aircraft 10 while in airplane mode, 
cyclic pitch change is applied to each of the rotors 20 by the flight control system 42 based on 
pilot input. The cyclic pitch change has the effect of tilting the rotor TPP 30 in a selected 
direction to a selected angle relative to the wing. To roll the aircraft 10 (view looking aft as in 
FIG. 2), the left side rotor TPP 30a is pitched downwardly to the first angle 32a,while the 
right side rotor TPP 30b is pitched upwardly to the second angle 32b opposite to the first 
angle, for example, pitched upwardly. 

[0034] Similar to when in hover mode, changing the rotor TPP 30a results in a change 
to the direction of the rotor wake 34, which is perpendicular to the rotor TPP 30a. The rotor 
wake 34 impacts the wing 14, which generates a roll opposing force acting in a direction 
opposite a selected roll direction, slowing the roll rate and increasing an amount of change in 
the rotor TPP 30a to effect the selected roll. The nacelle 18 rotates relative to the wing 14 to 
create the amount of change to the rotor TPP 30a, or rotor flapping, required to effect the 
maneuver. 

[0035] Referring to FIGs. 6 and 7, details of an exemplary embodiment of the nacelle 
18 attachment to the wing 14 will be described below. Referring to FIG. 6, the structure 
includes a fixed wing mount 48 secured to the wing 14. In some embodiments, as shown, two 
fixed wing mounts 48 are utilized, one at each lateral side of the nacelle 18. The fixed wing 
mounts 48 connect to nacelle mount 50 of the nacelle 18, resulting in a hinged connection 
between the nacelle 18 and the wing 14 rotating about a nacelle hinge axis 52. Referring to 
FIG.7, when the orientation of the TPP 30 is changed, the nacelle 18 rotates about the hinge 
axis 52 to create the TPP change. In some conditions, it is desired to limit the rotation of the 
nacelle 18 relative to the wing 14. For example, at engine startup it may be desired to lock the 
nacelle 18 in position. To lock the nacelle 18 position, the nacelle 18 includes a retractable 
snubber bearing 54, which is then retracted after startup to allow for rotation of the nacelle 
18. Further, in some embodiments, the arrangement includes a damper 56 connecting the 
fixed wing mount 48 to the nacelle mount 50 to limit the amount of rotation of the nacelle 18. 
Limiting rotation of the nacelle 18 via the damper 56 allows for rotation of the nacelle 18, 


while preventing overrotation of the nacelle 18, which could lead to vibration of the nacelle 
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18 and thus the aircraft 10. In some embodiments, the damper 56 limits a rotation angle 60 of 
the nacelle 18 to between about 3-7 degrees. 

[0036] While the invention has been described in detail in connection with only a 
limited number of embodiments, it should be readily understood that the invention is not 
limited to such disclosed embodiments. Rather, the invention can be modified to incorporate 
any number of variations, alterations, substitutions or equivalent arrangements not heretofore 
described, but which are commensurate with the spirit and scope of the invention. By way of 
example, while described in the context of aircraft, it is understood that aspects could be used 
in other fluid media in addition to or instead of air, such as in underwater craft using 
propellers. Further, while shown as being manned, it is understood that aspects could be used 
in unmanned aircraft. Additionally, while various embodiments of the invention have been 
described, it is to be understood that aspects of the invention may include only some of the 
described embodiments. Accordingly, the invention is not to be seen as limited by the 


foregoing description, but is only limited by the scope of the appended claims. 
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CLAIMS 
What is Claimed is: 

1. An aircraft comprising: 

a fuselage; 

a wing extending from each lateral side of the fuselage; 

a nacelle pivotably secured to each wing, the nacelle having a rotor disposed thereat, 
the rotor having a rotor tip path plane defined by rotation of the rotor about a rotor axis of 
rotation; 

wherein when the rotor tip path plane is changed relative to the wing, the nacelle 
pivots relative to the wing about a nacelle hinge axis to reduce flapping required by the rotor. 

2. The aircraft of Claim 1, wherein the nacelle pivots in the desired direction to 
rotor tip path plane change. 

3. The aircraft of Claim 1 or 2, wherein a first rotor tip path plane of a first rotor is 
changed in a first direction and a second rotor tip path plane of a second rotor is changed in 
a second direction. 

4. The aircraft of Claim 3, wherein a first nacelle pivots in an opposite direction to 
a second nacelle. 

5. The aircraft of Claim 4, wherein the pivot angle is limited to between about 3-7 
degrees. 

6. The aircraft of Claims 1 or 2, wherein a first rotor tip path plane of a first rotor 
is changed in a first direction and a second rotor tip path plane of a second rotor is changed 
in a similar direction. 

7. The aircraft of Claim 6, wherein a first nacelle pivots in a similar direction to a 
second nacelle. 

8. The aircraft of any of Claims 1-7, further comprising a damper operably 
connected to the wing and to the nacelle to limit a pivot angle of the nacelle relative to the 
wing. 

9. The aircraft of any of Claims 1-8, wherein each wing is rotatable relative to the 
fuselage. 

10. The aircraft of any of Claims 1-8, wherein each wing is rotatably fixed relative 
to the fuselage. 

11. A method of operating an aircraft comprising: 

changing a rotor tip path plane orientation relative to a wing of the aircraft, the 


rotor disposed at a nacelle, the nacelle pivotably secured to the wing; and 
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pivoting the nacelle relative to the wing to reduce an overall tip path plane 
change requirement of the rotor. 
12. The method of Claim 11, further comprising: 
changing a first rotor tip path plane of a first engine in a first direction; and 
changing a second rotor tip path plane of a second engine in a second 
direction. 
13. The method of Claim 12, wherein a first nacelle is pivoted in an opposite 
direction to a second nacelle. 
14. The method of Claim 12, wherein a first nacelle is pivoted in an similar 
direction to a second nacelle. 
15. The method of any of Claims 9-14, further comprising limiting a pivot angle of 


the nacelle relative to the wing. 


PCT/US2015/031493 


WO 2015/179346 


1/5 


L '9ld 


SUBSTITUTE SHEET (RULE 26) 


WO 2015/179346 PCT/US2015/031493 


2/5 


26 
FIG. 2 


SUBSTITUTE SHEET (RULE 26) 


WO 2015/179346 PCT/US2015/031493 


3/5 


FIG. 3 


iy 


SUBSTITUTE SHEET (RULE 26) 


WO 2015/179346 PCT/US2015/031493 


4/5 


FIG. 4 


FIG. 5 


SUBSTITUTE SHEET (RULE 26) 


WO 2015/179346 PCT/US2015/031493 


5/5 


FIG. 7 


SUBSTITUTE SHEET (RULE 26) 


INTERNATIONAL SEARCH REPORT 


International application No. 
PCT/US2015/031493 


A. CLASSIFICATION OF SUBJECT MATTER 

IPC(8) - B64C 27/28 (2015.01) 

CPC - B64C 27/28 (2015.07) 

According to International Patent Classification (IPC) or to both national classification and IPC 


B. FIELDS SEARCHED í : 


Minimum documentation searched (classification system followed by classification symbols) 


IPC(8) - B64C 7/02, 11/02, 13/00, 27/12, 27/22, 27/28, 27/54, 29/00; FO3D 1/02, 1/06 (2015.01) 
CPC - B64C 7/02, 11/02, 13/00, 27/12, 27/22, 27/28, 27/54, 29/00; FO3D 1/02, 1/06 (2015.07) 


Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 
USPC - 244/6, 7A, 12.4, 17.23, 39, 56 (keyword delimited) 


Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 


Orbit, Google Patents, Google. 
Search terms used: nacelle, tilt, pivot, wing, rotor, aircraft 


C. DOCUMENTS CONSIDERED TO BE RELEVANT 


Catégory* . Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No. 


US 2009/0256026 A1 (KAREM et al) 15 October 2009 (15.10.2009) entire document 
US 6,607,161 B1 (KRYSINSKI et al) 19 August 2003 (19.08.2003) entire document 
US 8,636,473 B2 (BRUNKEN JR) 28 January 2014 (28.01.2014) entire document 


US 2003/0094537 A1 (AUSTEN-BROWN) 22 May 2003 (22.05.2003) entire document 


' 


LI Further documents are listed in the continuation of Box C. L] See patent family annex. 


Special categories of cited documents: 
document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand 


later document published after the international filing date or priority 


to be of particular relevance the principle or theory underlying t 


earlier application or patent but published on or after the international 
filing date . i 


e invention 


* document of particular relevance: the claimed invention cannot be 
considered novel or cannot be considered to involve an inventive 

document which may throw doubts on priority claim(s) or which is step when the document is taken alone 

pecs Senate aie Se ofanofhericiation:or oher “Y” document of particular relevance: the claimed invention cannot be 

: Ny Ne . or considered to involve an inventive step when the document is 

document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination 

means being obvious to a person skilled in the art 


document published prior to the international filing date but later than c ily 
the priority date claimed document member of the same patent family 


Date of the actual completion of the international search Date of mailing of the international search report 


27 July 2015 i | ] 9 AU G 2015 


Name and mailing address of the ISA/ | Authorized officer 


Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Blaine Copenheaver 
P.O. Box 1450, Alexandria, Virginia 22313-1450 


Facsimile No. 571-273-8300 
Form PCT/ISA/210 (second sheet) (January 2015) 


PCT Helpdesk: 571-272-4300 
PCT OSP: 571-272-7774 


INTERNATIONAL SEARCH REPORT 


International application No. 


PCT/US2015/031493 


Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet) 


‘This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons: 


L O] Claims Nos.: 


because they relate to subject matter not required to be searched by this Authority, namely: 


Ciaims Nos.: 7 
because they relate to parts of the international application that do not comply with the prescribed requirements to such an 
extent that no meaningful international search can be carried out, specifically: 


Claims Nos.: 8-10 “ok 


because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a). 


Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet) 


This International Searching Authority found multiple inventions in this international application, as follows: 


1. T As all required additional search fees were timely paid by the applicant, this international search report covers all searchable 
claims. 


2. L] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of 
< additional fees. - 


C] As only some of the required additional search fees were timely paid by the applicant, this international search report covers 
only those claims for which fees were paid, specifically claims Nos.: 


1» 


t 


C] No required additional search fees were timely paid by the applicant. Consequently, this international search report is 
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: . 


Remark on Protest C] The additional search fees were accompanied by the applicant's protest and, where applicable, the 
payment of a protest fee. i 


C1] The additional search fees were accompanied by the applicant’s protest but the applicable protest 
fee was not paid within the time limit specified in the invitation. 


Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015) 


No protest accompanied the payment of additional search fees. 


